The development of techniques to isolate and purify relatively large quantities of intact vacuoles from mature tissues permits direct biochemical analysis of this ubiquitous mature plant cell organelle. Vacuoles and a fraction enriched in soluble cytoplasmic constituents were quantitatively prepared from Hippeastrum flower petal protoplasts. Vacuolar lysate and soluble cytoplasmic fractions were examined for acid hydrolase activities commonly associated with animal lysosomes, and pH optima were determined. Esterase, protease, carboxypeptidase, 1-galactosidase, a-glycosidase and 8-glycosidase, not found in the vacuole lysate fraction, were components of the so[uble cytoplasmic fraction.
Mature plant cell vacuoles are large, ubiquitous membranebound structures occupying some 90% of the cell volume. Functionally they have been described as being involved in osmoregulation and mechanical phenomena as well as in storage of substances such as organic acids, phenolics, and pigments. They are rather fragile, easily ruptured organelles when subjected to conventional methods of cell fractionation, and until recently have eluded isolation and purification in sufficient numbers for biochemical study. The vacuoles from meristematic and mature tissues have been characterized cytochemically, but biochemical characterization has been limited to meristematic tissues, fungal spheroplasts, and, in a few cases, algal cells (11, 21, 25) .
The possible lysosomal nature of the plant vacuole was a principal concern of early studies of the vacuole. The term lysosome was first proposed by de Duve (10) to describe membrane-bound structures in animal cells which contain latent hydrolytic enzymes having acid pH optima. Similar structures were sought in plant cells, and structures having acid hydrolytic activity were isolated from immature tissues. The latter, termed "provacuoles," were reported to contain acid hydrolases and to fuse during development, forming the large central vacuole of the mature cell (26) . A recent method for rapid and large scale isolation and purification of intact vacuoles from mature plant 1 Research carried out at Brookhaven National Laboratory under the auspices of the United States Energy Research and Development Administration and supported, in part, by Loyola College, Baltimore, Md. By acceptance of this article, the publisher and/or recipient acknowledges the United States Government's right to retain a nonexclusive, royalty-free license in and to any copyright concerning this paper. 2 Present address: Dept. of Biology, Loyola College, 4501 North Charles St., Baltimore, Md. 21210. cells (35) allows direct study of this organelle. We have examined acid hydrolases in plant vacuoles and a fraction enriched in soluble cytoplasm obtained from protoplasts of mature tissues.
MATERIALS AND METHODS
Preparation of Cell Fractions. Vacuoles in large numbers were prepared from protoplasts of Hippeastrum petals c.v. Red Christmas Amaryllis, greenhouse-grown, 20 C (Jackson and Perkins Co., Medford, Ore.), essentially as described previously (35) . Before vacuole preparation, sedimented protoplasts were washed free of isolation medium by resuspending them in 40 ml of 0.7 M mannitol, 5 mm Na citrate-HCI (pH 5) after which they were recovered by centrifugation at 1OOg for 3 min. Vacuoles were released by treatment of washed protoplasts with 0.2 M K2HPO4-HCl (pH 8) 0.5 mm DTT.3 The phosphate solution from which vacuoles were released was centrifuged at 100,000g for 2 hr at 4 C. The 100,000g supernatant from this centrifugation was designated the soluble cytoplasmic fraction. Vacuoles (2 x 106) sedimented from phosphate were further purified by transfer with a Pasteur pipette to the bottom of a 50-ml conical centrifuge tube containing 40 ml of 0.7 M mannitol, 1 mm HEPES buffer (pH 8), and 0.5 mm DTT. The vacuoles floated up in the solution, dispersed, and were recovered by centrifugation at lOOg for 3 min. The final pellet containing about 106 intact vacuoles, representing a yield from protoplasts of about 12%, was diluted with 0.1 mm HEPES buffer (pH 8), 1 mm MgC12, 0.5 mm DTT, and centrifuged at 100,000g for 2 hr at 4 C. Two fractions were obtained, a pellet enriched in tonoplast membrane, and a supernatant containing soluble vacuole lysate.
The soluble cytoplasmic and vacuole lysate fractions were individually concentrated by continuous circulation with an Amicon model CECI ultrafiltration cell using a P-10 membrane having nominal cutoff at 10,000 mol wt. They were dialyzed until colorless against 1 mm HEPES buffer (pH 7), 0.5 mM DTT with the ultrafiltration cell. The concentrated and dialyzed fractions were made 10% (w/v) in sucrose and stored at -15 C for subsequent analysis. Enzyme activities did not deteriorate with storage.
Enzyme Assays. The vacuole lysate and soluble cytoplasmic fractions were examined for acid hydrolase activities. Reactions using nitrophenyl derivatives of substrates contained 0.01 ml of enzyme (0.5-20 ,ug protein) in reaction volumes of 0.10 ml.
Reactions were terminated after 30 min at 37 C by addition of 1 ml of 0.04 M NaOH. Absorbance at 400 nm was compared with standard solutions of recrystallized p-nitrophenol or o-nitrophenol. Absorbance values of reaction mixtures in which boiled enzyme was substituted for native enzyme were used as substrate blanks.
The acid phosphatase assay mixture contained 10 ,umol MES-EPPS buffer pH 6.5 for vacuole lysate, pH 5. (Sigma) were used as substrates (4) .
For nuclease, the DNase assay mixture contained 14 ,umol MES-EPPS buffer (pH 5.5), 14 MLmol KCI, 0.35 ,ug tritiated Escherichia coli DNA (Worthington), and 0.01 ml enzyme in a reaction volume of 0.14 ml. The RNase assay mixtures were identical except that 67 iLg unlabeled t-RNA containing 32P_ labeled bacteriophage T7-RNA was used. Reactions were terminated after 30 min at 37 C and the extent of hydrolysis was determined in essentially the manner described by Bollum (6) . Radioactivity was measured in a Beckman model LS-250 liquid scintillation spectrometer.
The carboxypeptidase assay mixture contained 20 ltmol of potassium citrate buffer (pH 3.5), 0.6 ,umol CBZ-phenylalanylalanine (Sigma), 100 ,imol sucrose, 20 ,imol KCI, and 0.01 ml enzyme in a reaction volume of 0.2 ml. Reactions were stopped after 30 min at 37 C by addition of 0.1 ml of 20% trichloroacetic acid. The precipitate was removed by centrifugation, 0.1-ml aliquots were adjusted to approximately pH 7 with an equal volume of 0.44 M NaOH, and 0.45 ml of 0.2 M sodium borate was added to make the solution alkaline. Fluorescamine (0.35 ml, 0.1 mg/ml; Roche) was rapidly added with vigorous mixing. Fluorescence (390 nm excitation; 475 nm emission) was measured with a Perkin-Elmer model MPF-4 fluorescence spectrophotometer, and was compared with that of standard solutions of alanine.
Esterase activity was measured by the procedure of Mahadevan and Tappel (22) using p-nitrophenyl myristate (Sigma) as substrate.
The protease assay mixture contained approximately 25 mg Azocoll (Calbiochem), 0.25 ml of 0.4 M Teorell buffer (pH 7), 5 to 50 ,ul of sample in 1 mm HEPES (pH 7), 0.5 mm DTT; and the final liquid volume was adjusted to 0.3 ml with water.
Reactions were incubated with vigorous agitation at 37 C for 2 to 3 hr, mixed, diluted with 0.8 ml of 5% (w/v) trichloroacetic acid, remixed, and centrifuged. Absorbance of the supernatant at 520 nm was determined. The pH optimum was determined from pH 4.6 to 8.3 using 0.1 M Teorell buffer.
pH Profiles. Citrate buffers from pH 2 to 4.5 and a mixture of MES-EPPS buffers from pH 5 to 9 were used to determine pH profiles of all enzyme activities except protease.
Quantitation of Vacuole Preparation. Counts of vacuoles and protoplasts were made at each step of the isolation procedure using a calibrated, 0.2-mm deep-well-type slide to determine the number and yield of vacuoles isolated from protoplasts.
Protein Analysis. Protein was assayed using the method of Hirs (18) .
RESULTS
The availability of vacuoles in sufficient numbers and the physical separation of intact vacuoles from soluble cytoplasmic constituents have allowed us to assay directly the acid hydrolases of vacuole lysate (cell sap) and soluble cytoplasmic (cytosol) fractions of protoplasts. The results obtained from anthesis flower-derived preparations are shown in Table I . Qualitatively, Table I are expressed in two ways, as total activity in the fraction and on a protein basis. Actual activities found in the vacuole lysate were multiplied by 8.33 to give the total activity in this fraction, since the yield of washed vacuoles from protoplasts was 12%. The soluble cytoplasmic fraction is assumed to contain all of the soluble cytoplasmic activity of protoplasts, since virtually all protoplasts were lysed during vacuole preparation, and all of -their soluble constituents are expected to have been released and recovered. Vacuole lysate activities are strictly vacuolar in origin since vacuole preparations are free of contamination. The activities of the soluble cytoplasmic fraction, however, may not be strictly soluble cytoplasmic, since this fraction contains soluble vacuolar constituents due to breakage of vacuoles during preparation, and other organelles may have lysed or released constituents. Because the total protein of the two fractions differs by a factor of approximately 30, the cytoplasmic fraction having the greater amount, comparison of relative activities on a protein basis may be made within a fraction but not between fractions. Thus, the most reliable comparison between fractions of an enzyme activity is made by considering the total activity found in the two fractions.
The pH activity profiles for acid phosphatase, RNase, DNase, ,B-galactosidase, and carboxypeptidase at three developmental stages are shown in Figures 1 and 2 . All activities show acid pH optima throughout the developmental period studied. In addition, the profiles for RNase, and possibly DNase, suggest the possible presence of more than one enzyme component in both the lysate and the soluble cytoplasm, and the relative activities of these components appear to change with development. The pH profile for protease at anthesis, shown in Figure 3 , is observed to have an optimum at approximately pH 7.
Variations of the vacuolar lysate enzymes at their pH optima were examined with development and are shown in Figure 4 . In general, the actual levels of DNase, RNase, and acid phosphatase are high prior to anthesis, diminish to a low value at anthesis, and then increase during senescence. Our data do not permit the construction of similar developmental curves for cytoplasmic activities because of the lack of a base unit to compare activities found at different stages of development. Table I , we found acid phosphatase, RNase, and DNase in vacuole lysate and soluble cytoplasmic fractions from Hippeastrum. The enzymes esterase, protease, carboxypeptidase, f3-galactosidase, a-glycosidase, and f3-glycosidase, however, were found only in the soluble cytoplasmic fraction. Our inability to demonstrate these activities in the lysate is not thought to be due to inactivation of existing enzymes by inhibitors of low mol wt, since the lysate and soluble cytoplasmic fractions were ultrafiltered prior to assay. A comparison of enzyme activities of the vacuole lysate and soluble cytoplasmic fractions is possible since the vacuole lysate is not contaminated with cytoplasmic components. The relatively high activities obtained for /3-galactosidase, 6-glycosidase and protease in the cytoplasmic fraction and the corresponding lack of these enzymes in the vacuole lysate fraction, attest to the purity of the vacuole preparations. In addition, vacuole preparations obtained from Hippeastrum petals, tulip petals and leaves lack Cyt c oxidase activity, a mitochondrial marker, and preparations from tulip leaves contain only traces of Chl (G. Wagner et al., unpublished). An estimate of the extent of vacuoler contamination of the enriched soluble cytoplasmic fraction reveals that in bud, 2 days preanthesis, and in the senescent stages of development vacuolar contribution might account for all of the acid phosphatase, DNase and RNase activities. However, the cytoplasmic fractions of all other developmental stages contained more of these activities than could be accounted for by vacuolar contamination, which suggests that at least at these stages the cytoplasm has its own complement of these enzymes. Control experiments using Cellulysin, the commercial enzyme mixture used to prepare protoplasts, showed that activities found in the soluble cytoplasmic fraction are not due to residual contamination of this fraction with Cellulysin activities.
With Hippeastrum, we have dealt primarily with one cell type because the isolation procedure selects for the more readily sedimented pigmented vacuoles. In a typical experiment using Hippeastrum, less than 7% of the total vacuoles recovered were nonpigmented.
Regarding the integrity of the tonoplast, we note that vacuoles isolated from anthocyanin-containing flower petals retain pigment, exclude Evans blue, and concentrate Neutral red (35) .
Vacuoles prepared with sodium phosphate saturated with Evans blue do not incorporate the dye, suggesting that they do not lyse and reseal on isolation, and the ion content of isolated vacuoles is virtually the same as that of intact protoplasts (20) . Thus, isolated vacuoles do not appear to be freely permeable to ions or small molecules and would be expected to retain larger molecules such as proteins.
The absence of most of the acid hydrolytic enzymes in the vacuolar lysate is provocative in respect to the proposed lysosomal role of the mature plant cell vacuole. This is especially true in the case of proteolytic activities. Nitrogen metabolism is particularly important during the early and late (senescent) periods of plant development. We have examined two proteolytic activities with widely differing pH optima and have not found them in Hippeastrum vacuole preparations from any of the eight developmental stages tested. Thus, the vacuole compartment of Hippeastrum petal cells does not appear to be involved in the presumed lytic process of protein turnover.
Since the early work of de Duve (10), investigators have described structures in plant cells (termed vacuoles or "provacuoles") which are regarded as similar to animal lysosomes (25) . Direct examination of mature plant vacuoles has not been possible because of the unavailability of the isolated organelle. Thus, mature plant vacuoles have been classified as lysosomes only on the basis of indirect evidence coming from cytochemical, ultrastructural and biochemical (19, 25) studies. Cytochemical location of acid phosphatase based on the Gomori reaction (15) and of several other hydrolases in vacuoles from a number of sources, has been presented as evidence of the lysosomal nature of vacuoles (5, 8, 13, 14, 16, 17, 25, 29) . However, acid phosphatase has been observed in subcellular compartments other than vacuoles (33) , and, in contrast to earlier reports, it has not been found in vacuoles of yeast (2) . The interpretations of cytochemical data are well discussed by Poux (32), who suggests that a combination of biochemical and cytochemical work is necessary to help resolve the question of the lysosomal activity of the mature cell vacuole.
Ultrastructural evidence in support of lysosomal function for the vacuole is derived from observations of autophagic activity in vacuoles. A number of workers have observed inclusion bodies or organelles, which are claimed to be intravacuolar, in various stages of breakdown (12, 27 no evidence of hydrolytic enzymes in multivesicular bodies in cultured cells of wild carrot. Wardrop (36) found acid phosphatase and f-glycosidase to have particulate distribution in the cytoplasm, but no activity within vacuoles unless they contained vesicular structures. Coulomb and Buvat (9) proposed that vacuolar inclusions are not intravacuolar in young roots of Cucurbita, but are cytoplasmic invaginations connected to the cytoplasm by a stalk which serves as a pathway for movement of lytic products to the cytoplasm. Electron micrographs (16, 19, 27) reveal similar invaginations into the vacuolar space, and Mahlberg (23) suggests that observed vacuolar inclusions may not represent median sections, and therefore the cytoplasmic connection or stalk was not detected. Isolated vacuoles are spheres and invaginations if present before isolation would be expected to evert before emergence from protoplasts. Transvacuolar strands are seen to undergo such transitions during vacuole emergence.
Final interpretation of the electron micrographs requires additional information and biochemical data. Villiers (34) has described plastid engulfment by vacuoles in radicle tip cells of Fraxinus. The "matrix of the organelle seemed to lyse in the vicinity of the contact area ." before the whole plastid was engulfed and while its membrane was still intact. Possibly the plastid contains its own acid hydrolase complement which is activated in the acidic milieu of the vacuole, if it is assumed that vacuolar acids can influence the pH within these invaginations. Biochemical evidence in support of the lysosomal concept of the vacuole comes from investigations of structures containing high specific activities of hydrolytic enzymes which have been isolated from several plantspecies (1, 24, 25, 29) . In contrast, one acid hydrolase, acid phosphatase, does not show the latency characteristic of animal lysosomes, and therefore it is no longer considered suitable as a lysosomal marker in plants (7) . Many of the early investigations of plant vacuoles involved the study of homogenates of meristematic tissues which do not contain central vacuoles. Additional studies have been carried out on vacuoles of mature yeast and algal cells (11, 21, 25) . We found that isolated vacuoles of Hippeastrum and Tulipa contain only a few hydrolase activities characteristic of animal lysosomes. Mature vacuoles involved in the autophagic process (25) should contain cytoplasmic enzymes. Our data, which provide the first direct biochemical study of this organelle, do not support this expectation.
There are reports of developmental changes in proposed lysosomal compartments of plant cells. For exaniple, Matile (24) has described developmental changes in the function of aleurone vacuoles from pea cotyledons, and Matile and Moor (26) have described differences in enzymic activity between tonoplasts of "pro-vacuoles" and meristematic vacuoles. The notion that the properties of vacuoles change with development has also been suggested by others (5, 12, 14, 31) . We have found differences in the amount of enzyme activity found in the vacuole lysate fractions of flower petals from different developmental stages (Fig. 4) . The increase in acid phosphatase and nuclease activity during senescence suggests an autolytic function. However, the same conclusion cannot be made for the relatively high levels of activity found before anthesis. Rather, these varying levels of activity may be a matter of substrate processing during development. 
